An on-demand single-photon source is a fundamental building block in quantum science and technology. We experimentally demonstrate the proof of concept for a scheme to generate on-demand single photons via actively multiplexing several heralded photons probabilistically produced from pulsed spontaneous parametric downconversions (SPDCs). By utilizing a four-photon-pair source, an active feed-forward technique, and an ultrafast single-photon router, we show a fourfold enhancement of the output photon rate. Simultaneously, we maintain the quality of the output single-photon states, confirmed by correlation measurements. We also experimentally verify, via Hong-Ou-Mandel interference, that the router does not affect the indistinguishability of the single photons. Furthermore, we give numerical simulations, which indicate that photons based on multiplexing of four SPDC sources can outperform the heralding based on highly advanced photon-number-resolving detectors. Our results show a route for on-demand single-photon generation and the practical realization of scalable linear optical quantum information processing.
Numerous applications for on-demand single-photon sources have been proposed in the field of quantum-enhanced science and technology [1] [2] [3] [4] [5] [6] . The commonly studied methods to generate on-demand single photons are based on emissions from molecules [7, 8] , atoms [9] , color centers in diamond [10] , quantum dots [11, 12] , and donor impurities [13] . However, each of these methods has certain challenges to overcome. For atomic systems, the repetition rates, the collection efficiency, and the complexity of the experimental setup are the main obstacles. For color centers, quantum dots and donor impurities, it is difficult to achieve a time-bandwidth limited emission spectrum [14] and indistinguishable output photons from different sources [15] .
An alternative approach is the so-called heralded singlephoton source (HSPS) based on the process of spontaneous parametric down-conversion (SPDC), where a pair of photons is created from a nonlinear crystal pumped by a laser. The detection of one trigger photon indicates, or heralds, the presence of its twin. Because of the phase-matching condition and energy conservation, a HSPS from SPDC has some appealing features. The linear momentum (direction), polarization, and wavelength of that heralded photon are well defined via the measurement of its twin. The scheme faces two main challenges: (1) The conversion process is inherently random and hence there is no prior knowledge of when the heralding event will occur. (2) Because of the nature of the SPDC process, in addition to the probability of generating one pair of photons, P 1 , there is also a finite probability of generating more than one pair, P >1 , via higher order emissions, which decreases the quality of the HSPS. This latter generation probability increases nonlinearly with the interaction strength of the pump laser and the nonlinear crystal. * Electronic address: xiaosong.ma@univie.ac.at † Electronic address: anton.zeilinger@univie.ac.at
To surmount the random production of photon pairs from SPDC, a pulsed laser can be used to pump the nonlinear crystals, and hence the photon pairs can be created only at certain times. When the pulse duration of the pump laser is much shorter than the coincidence measurement time, the probability of generating n pairs of photons per pulse can be represented as a Poisson distribution:
n! , for n = 0, 1, 2, ...,
where the mean number of pairs,N , depends on the pump power and parameters of the crystals. Note that it has been shown that to use Bose (thermal) distribution, the analysis presented below would yield essentially the same results [17] . An ideal HSPS would have exactly one photon generated from each pulse, which requiresN = 1. However, forN = 1, the probability to observe more than one photon is 0.26 due to the Poisson distribution. This significant higher order emissions probability, P >1 , drastically reduces the quality of the HSPS. For this reason, pulsed SPDC is normally operated at low power (thus P >1 1) and obeys a trade-off between the count rate and quality of the HSPS. This is the reason why a single SPDC source is fundamentally limited. This limitation can be overcome by using spatial or temporal multiplexing of several sources [16] [17] [18] [19] [20] . Although this idea has attracted significant attention, as highlighted in recent review articles [21, 22] , it has not yet been experimentally realized. Here we follow and extend the proposal in Ref. [16] . We report an experimental realization of a 4-SPDC single-photon multiplexing system and demonstrate a proof-of-principle enhancement over a 1-SPDC single-photon source.
Theoretical analysis
In the spatial multiplexing scheme, m SPDC sources are pumped by a single pulsed laser whose power is split equally arXiv:1007.4798v2 [quant-ph] 7 Feb 2012 for each SPDC source by a series of beam splitters (BSs). These SPDC sources are then coupled by fast photon routers and directed to a single output. Each individual SPDC source has the probability to generate one pair, P 1 . The pump power input is chosen low enough that the generation of more than one pair, P >1 , is much smaller than P 1 . With sufficiently large m and feed-forward operation of the fast photon router, the probability of obtaining one pair emission in this array, Q 1 , can approach unity and hence be on demand. The detection signal of the heralding (trigger) photon of an individual source is used to identify which source has produced a pair of photons and to control the photon routers to direct the successfully created photon to the single output of this m-SPDC array. Shapiro et al. proposed a modular configuration by using 2 × 1 routers [16] , where two inputs can be routed to a single output. As shown in Fig. 1(a) , in a 1-SPDC HSPS, one nonlinear crystal (NLC) cut for collinear type-II phase matching is pumped by laser pulses, where a pair of orthogonally polarized photons is generated. Their quantum state is a product state in the polarization degree of freedom: |Φ 12 = |V 1 |H 2 . |V 1 and |H 2 denote the vertical and horizontal polarization states of photons 1 and 2 respectively. Then they are separated by a polarizing beam splitter (PBS). The detection of the vertically polarized photon heralds the existence of the horizontally polarized photon, which is the output of this 1-SPDC source. Two such 1-SPDC sources can be coupled with a photon router and integrated into a 2-SPDC module, as also shown in Fig. 1(a) . It is straightforward to increase the size of the network. Two 2-SPDC modules can build a 4-SPDC module and so on [ Fig. 1(b) ]. The advantages of this multiplexing are as follows: First, one can enhance the one-pair-generation probability by a gain factor of (see Appendix A)
Second, the signal-to-noise ratio of an m-SPDC array is the same as that of a 1-SPDC source:
. Q >1 is the probability of obtaining more than one pair in this array. In Fig. 1(c) , the gain G of a multiplexed system with m sources (blue) is shown and compared with a single 1-SPDC source (red) atN = 0.1. For P 0 close to 1 (N close to 0), it first increases linearly with m. The gain saturates at the value lim m→∞ G = Fig. 1 (c) shows this saturation limit atN = 0.1. The dependence of the gain on the mean photon pair number per SPDC sourceN and the numbers of the sources m is shown in Fig. 1(d) . Intuitively, in order to obtain high-quality and high-rate single photons, one should operate in a regime, in whichN is low for each SPDC, in order to reduce the higher order emission per source, and m is large, so that the chance of one source firing in this array is high. This is the reason why the optimal operating combination ofN and m in terms of maximizing G lies in the upper-left corner in Fig. 1(d) , given that m is limited to 10. 
Experiment
Initially, we created photon pairs from a β-barium-borate crystal (BBO) via noncollinear type-II phase matching [23] . As shown in Fig. 2a , photons 1 and 2 were generated from BBO1 and their quantum state was |Φ
In comparison with the product state generated from the collinear phase matching (|V 1 |H 2 ), this noncollinear scheme is equivalent to having two 1-SPDC sources (|H 1 |V 2 and |V 1 |H 2 ), each subject to half of the pump power. Additionally, the non-collinear type-II phase matching overlaps the spatial modes of these two sources as schematically shown by the dashed PBS in Fig. 2(c) . By using a polarization switch and a polarizer, these two 1-SPDC sources form a 2-SPDC module. In comparison with the scheme proposed in Ref. [16] , our noncollinear scheme has two advantages: The amounts of crystals and beam splitters needed for building an m-SPDC array are reduced from m to m 2 and there is no need to spatially overlap the photons generated from two 1-SPDC sources. An identical 2-SPDC module subsequently generated photons 3 and 4 from BBO2. See Appendix B for details.
These two 2-SPDC modules form a 4-SPDC multiplexed system with an ultrafast photon router, which satisfies two main criteria: (1) short response time, which is necessary for the feed-forward operations in a large system, and (2) high routing visibility, which is needed for a high quality HSPS. As shown in Fig. 2 (b), we employed a Mach-Zehnder interferometer (MZI) to realize the ultrafast photon router. It consisted of two 50:50 BSs, mirrors, and most importantly two electrooptic modulators (EOMs) with one in each arm of the MZI, where two rubidium titanate phosphate (RTP) crystals were used as the electro-optic material. This design of the router has several advantages: (1) It can route incoming photons independent of their polarizations, which is crucial for certain tasks. In the schemes of polarization-entanglement-based quantum cryptography [24] and quantum computation with polarization encoded photonic qubits [6] , any polarizationdependent routing will destroy the polarization entanglement and hence defeat the original goal of achieving communication security and computation speed-up provided by the entanglement. For instance, in polarization-entanglement-based quantum cryptography described in Ref. [24] , the source is located at Alice's laboratory, and out of each pair of entangled photons, one is sent to Alice and the other to Bob. In a multiplexed scenario, many sources produce polarizationentangled photon pairs. The trigger photons are sent to and measured by Alice. Depending on the outcome of her polarization measurement, she sends an electronic signal to the routers for multiplexing the photons which will be sent to Bob. Multiplexed systems with our router can enhance the key rate while keeping the quantum bit error rate (due to the multiple pair generations) constant. Whatever critical key rate is needed at the receiver, m-SPDC multiplexing extends the possible communication distance between the two parties by the additional distance ln(m)L 0 compared to 1-SPDC, where L 0 is the 1/e decay distance in the transmission channel (valid for both free space and fiber). In a 1550 nm fiber-based cryptogra- were generated from two β-barium borate crystals (BBO1 and BBO2) via SPDC, where half-wave plates (λ/2) and compensating BBO crystals were used to counter walkoff effects in the down-conversion crystal, and singlemode fibers and interference filters (IFs) were used to clean their spatial and spectral modes, respectively. Photons 1 and 4 entered into spatial modes a and d respectively. Photons 2 and 3 entered into spatial modes b and c and were delayed in single-mode fibers (≈ 97m) with respect to photons 1 and 4. This allowed the logic and electronics to have enough time to control the EOMs in the router. Due to the sequential configuration of the sources (see Appendix A), appropriate individual fiber delays are implemented to eliminate the output photons' temporal distinguishability from different sources. The layout of the ultrafast photon router is shown in (b). See text and Appendix Cfor details and notations. (c) The experimental scheme of a 4-SPDC multiplexed system with active feed-forward. Sources I and II, III and IV generated photon pairs from BBO 1 (BBO 2). Sources I and II (III and IV) were inherently overlapped via the noncollinear phase matching, as explained in the text. The polarization states of photons 1 and 4 were measured with polarizing beam splitters (PBS) and single-photon counting modules (SPCMs). The detection signals of photons 1 and 4 were fed into the logic and then used to control the ultrafast photon router. Depending on whether photon 1 or photon 4 was detected, the ultrafast photon router would be switched on or off. Thus, all the photons exited from mode b and no photons exited from c . The quality of the output single photons was quantified via measurements of the correlation function, g 2 (0).
phy system, a 4-SPDC multiplexing system could increase the available distance by ln(4)·21.7 km ≈ 30.1 km. Note however, whether one needs entangled photons depends on what kind of quantum-information processing task the photon will be used for later on. One does not need entanglement for the operation of the multiplexing procedure itself or for using multiplexing in the Bennett and Brassard quantum cryptography protocol [25] , as the latter is not based on entanglement. Then one can also use a mixture of polarization-correlated product states as the input of the multiplexing scheme. (2) A similar design has been widely used in the photonic industry to implement intensity modulators [26] . Therefore, the scheme demonstrated here has the potential to be implemented with the mature technology of integrated optics. The optical axes of both RTP crystals in the EOMs were oriented along 45
• and the voltages applied to them were always of the same amplitude but with opposite polarities. If the opposite half-wave voltages (HWVs) were applied to the EOMs, a π phase shift would be introduced to the MZI. We locked the phase of the MZI at 0 when the EOMs were off. This 0 phase is defined via the condition that all the photons that enter from input b exit into c , and c into b (Fig. 2b) . Therefore, when the EOMs were on and were applied with opposite HWVs, the photons that entered from input b exited into b , and c into c .
The rising and falling times of our router for a π-phase modulation are each about 5.6 ns. (This could be reduced to tens of picoseconds with state-of-art integrated photonics devices [26] .) The recharger time of the high-voltage driver of our EOMs is about 50 ns. The traveling time in the used coaxial cables is also a few nanoseconds. Together, this in principle allows a repetition rate of our router of approximately 15 MHz. (Note that the dead time of trigger APDs is about 150 ns, which will limit the operating frequency of smallscale multiplexing systems.) The visibility of π-phase modulation (routing visibility), V π , was above 95%. It is defined as V The 4-SPDC multiplexing system [ Fig. 2(c) ] was operated as follows. We detected photons 1 and 4 in the modes of 1H, 1V, 4H and 4V, and sent the electrical signals from the detectors through a custom-built programmable logic to the router. When the detector on mode 1H or 1V fired, the EOMs in the MZI were switched on with HWV and thus the phase of the MZI was switched to π. Therefore, photon 2 was routed to spatial mode b . When the detector on mode 4H or 4V fired, the EOMs in the MZI were switched off, and the phase of the MZI remained at 0. Therefore, photon 3 was routed to spatial mode b . In the last step, an additional electro-optical modulator (EOM3) placed in spatial mode b acted as a polarization router and performed an active polarization rotation on the output photon, before it was finally cleaned by using a PBS. However, due to limited resources, we bypassed EOM3 and performed this operation with post-selection. Note that introducing EOM3 would only reduce the routing visibility by at most 1% (with a polarization switching visibility of at least 99%) [27] .
In order that our m-SPDC source is useful in photonic quantum-information processing, it is most important that it performs well in Hong-Ou-Mandel (HOM) two-photon interference [28] , which is at the heart of many protocols and has been demonstrated with different systems and schemes. For instance, interference between consecutive photons emitted from the same quantum dots [12] , between photons from different donor impurities [13] and molecules [8] , as well as between two independent SPDC sources [29, 30] have been shown. At present, in terms of the count rate and quality of the independent single photons, femtosecond-pulsed SPDC is still better than other schemes and has been successfully used in multiphoton experiments in the past. A singlephoton source based on our scheme is suitable for high quality HOM two-photon interference and enables multiphoton experiments [31] . The present multiplexing scheme includes the photon router as the only additional complexity which was not involved in earlier experiments. Since the path length difference of the MZI can be controlled very accurately, the router will not introduce any temporal distinguishability, even though it is based on first-order interference which is wavelength sensitive (nm range). In contrast, most of the photonic quantum-computation experiments (C-phase gate [32] [33] [34] , entanglement swapping [4, 5] , etc.) rely on second-order interference, which is coherence length sensitive (depends on the context, but at least more than 10 4 nm). In order to empirically exclude possible degradations of the indistinguishability due to the router, we have performed HOM two-photon interference experiments with the router.
Experimentally, we use a pair of photons generated from one source and send it to the router. We vary the pathlength difference between these two photons with a motorized translation stage mounted on one of the fiber coupling stages and measure the twofold coincidences between two detectors placed directly behind two outputs of the router [b and c in Fig. 2(b) ]. The phase of the MZI and hence the reflectivity (and transmissivity) of the router is varied by applying different voltages on the EOMs. In case of a π/2 phase, the router becomes a balanced BS and the distinguishability of two input photons' spatial modes is erased. In consequence, the minimum of the coincidence counts occurs for the optimal temporal overlap (with the help of suitable individual fiber delays) of the two photons, and HOM two-photon interference with a visibility of 88.7% ± 3.8% can be observed (red circles in Fig. 3) . In case of a 0 phase, the whole router represents a highly transmissive BS (routing visibility above 95%) and the two photons remain distinguishable in their spatial modes. Correspondingly, one obtains path-length-difference insensitive coincidence counts (black square in Fig. 3 ). This is in agreement with complementarity, where in principle no HOM interference can be observed. In addition, we have compared the results when using the router with those when using a normal free-space BS: quantitatively identical results have been obtained (within the error bars). These HOM experiments together with the earlier works [29, 31] demonstrate the suitability of the multiplexed photons for scalable quantum information processing.
We quantified the quality of the multiplexed single photons with the second-order correlation function at zero time delay, g 2 (0). The smaller g 2 (0) is, the higher the quality of the single photons becomes. The correlation function can be measured in good approximation with a 50:50 BS and two more detectors [35] , as shown in Fig. 2c . It is defined as g 2 (0) = N tT R N t /(N tT N tR ), where N tT R , N tT , N tR , and N t are the coincidence counts among trigger, transmission, and reflection of the beam splitter, the coincidence counts be- tween trigger and transmission, the coincidence counts between trigger and reflection, and the single counts of the trigger, respectively. Figure 4 shows g 2 (0) versus the counts per 350 seconds with 1-SPDC, 2-SPDC and 4-SPDC multiplexing systems.
We performed the experiments with various levels of pump power (100, 250, 500, and 1000 mW) to demonstrate the heralded single-photon quality and generation rate trade-off of the SPDC sources. With a 1-SPDC source (black circles in Fig. 4) , the counts increased as we increased the pump power. The quality of the output single photon decreased as g 2 (0) was increased because of higher order emissions. At a constant mean photon pair numberN per source, with singlephoton multiplexing, 2-SPDC (red triangles in Fig. 4 ) and 4-SPDC multiplexed (blue squares in Fig. 4 ) systems enhanced the counts by factors of 2 and 4, respectively, while g 2 (0) remained the same as the 1-SPDC. On the other hand, one can understand Fig. 4 also from the following perspective: By accordingly decreasingN per source, one can employ multiplexed systems while keeping the counts constant and increase the quality of the output single photon via decreasing g 2 (0). In the regime of smallN , the counts scale proportionally to m The g 2 (0) function saturates at the value 1 for large count rates, i.e. for large pump powers. The g 2 (0) data shown are in linear regime of low count rates and hence fitted with lines through the origin. Using multiplexed systems, one can increase the count rate while keeping constant the signal-to-noise ratio and hence the g 2 (0) function. In other words, increasing the number of SPDC sources enables one to increase the count rate with the same signal-to-noise ratio or (if one turns down the pump power) improves the quality of the singlephoton output while maintaining the count rate of the output. Error bars indicate ±1 standard deviation.
at fixed g 2 (0), and g 2 (0) scales inversely proportional to m at fixed counts. Because the coupling efficiencies of the sources are different, the count rates and correlation functions are also different. The values of the counts and the correlation function shown in Fig. 4 were averaged over four SPDC sources (see Appendix B).
Discussion
The transmission throughput of the single-photon router is an important parameter for the viability of a multiplexed system, and next we provide an analysis of losses in our system. In our experiment, the output photon's transmission of the 4-SPDC multiplexing system is T ≈ 0.1, where the main loss is due to single-mode-fiber to single-mode-fiber coupling in the router. To have an advantage of 4-SPDC multiplexing over a 1-SPDC without router circuitry would necessitate T > 1/4 or, equivalently, T 0 > 1/2 if the routers are all the same and each have a transmission of T 0 . The gain due to multiplexing is G ≈ 4 if the mean photon pair number is small (see Appendix A). Since the transmission of 0.1 of our router circuitry is a technical issue, our experiment is a proofof-concept demonstration of single-photon multiplexing and demonstrates its advantage. Based on current technology and theoretical analysis of the fiber coupling efficiency, it may be feasible to improve the transmission per router to about 95%. (0) vs the heralding output probability Poutput, determined in a numerical simulation of SPDC based HSPSs with different types of detectors (see Appendix D and Ref. [41] ). The heralding output probability Poutput is defined as the ratio of the twofold coincidence counts (between trigger and output) and the laser repetition rate. The blue curve is for a 1-SPDC source with a standard bucket photon detector (D) with 60% detection efficiency for the trigger photon. The red curve is assuming a photon-number-resolving detector (PNRD) with 95% efficiency. Remarkably, as shown by the green curve, a 4-SPDC multiplexed system with standard detectors is able to outperform a 1-SPDC heralding source realized with a highly advanced PRND.
This number is obtained from experimentally achievable Fresnel losses on each optical surface and theoretically predicted fiber coupling efficiency [36] . Then, the total gain of a 4-SPDC source with routers compared to a 1-SPDC source without router would be approximately G T ≈ 4 · 0.95 2 = 3.61. Practically, the repetition rate of multiplexing is only limited by the repetition rate of the pulsed laser (in our case 80 MHz, but femtosecond lasers with 1 GHz are commercially available [37]), the jitter of the detector (500 ps in our case, but those with 50 ps are commercially available [38] ) and the switching time of the modulators (5.6 ns in our case, but less than 100 ps has been shown [26] ). In addition, by employing state-of-the-art photonic structures, low insertion loss of the modulators can be achieved [26] . It is thus possible to realize a gigahertz on-demand single-photon source with this scheme.
Since in our experiment the photons are generated by the SPDC process pumped with a femtosecond-pulsed laser, which has been successfully used in multiphoton experiments in the past, a single photon source based on our scheme is suitable for high-quality multiphoton interference [31] , which is at the heart of the quantum repeater [39] and linear optical quantum computation [6] . It is very interesting to note that a 4-SPDC source such as demonstrated here based on standard bucket single-photon detectors, would potentially outperform a heralded photon source based on a highly efficient photonnumber-resolving detector (PNRD) such as a superconducting transition-edge sensor (TES) [40] in specific multi-photon experiments [41] (see Fig. 5 and Appendix D for details). This shows, that a 4-SPDC source would have important practical implications for advancing existing linear optical quantum computing experiments. It is conceivable that a scheme which combines the multiplexing technique with superconducting detectors as trigger detectors will be advantageous. Moreover, the scheme we have presented here is universal for any photon-pair source, including SPDC, spontaneous fourwave mixing, and so on.
For the future realization of a multiplexed system with many levels, stabilizing the interferometers will be challenging for bulk optics but less for integrated optics. Moreover, a 60% transmission throughput of an integrated photonic quantum circuit has already been reported [42, 43] , which includes the fiber-coupling efficiency and is well above the loss threshold of 1/2 mentioned above. Therefore, together with stateof-art micro-optics technology, (for instance, integrated photonic quantum circuits on a silicon chip [42, 43] , faster modulators [44] , and on-chip single-photon detectors [45] ), it is possible to develop a compact, scalable and nearly on-demand single-photon source for photon-based quantum science and technology following our scheme.
Therefore, the signal to noise ratio of obtaining one output single photon from this array equals that of a single SPDC source:
The probability of obtaining one output single photon is enhanced by a gain factor of:
where the approximation at the end holds for P m 0
1. In any experimental setup, photon losses in the routers decrease the performance of the multiplexing scheme. We now analyze the influence of these losses quantitatively. We consider the case where the mean photon pair numberN is much smaller than 1. Then, P 0 is close to 1 and thus the gain becomes G ≈ m [as long as m(1 − P 0 ) 1]. Due to the cascaded setup, however, using m SPDC sources means that the output photon has to travel through n ≡ log 2 m path routers (assuming log 2 m is an integer number) and hence has an increasing chance of being lost. The output photon's transmission through all n path routers be denoted as T . In order to have an advantage over a single photon source, the gain G has to overcompensate the loss such that the total gain, G tot ≡ G T is larger than 1. This leads to the generic condition T > 1/m. Then, G tot is increasing with m and there is no upper bound. In case the transmission through all path routers is the same, and each single router transmission is denoted as T 0 , the output photon's total transmission through the routers is T = T log 2 m 0 . The total gain
has to be larger than 1, which leads to the condition that the transmission per path router must fulfill T 0 > 1/2. Therefore, multiplexing is advantageous over a single-photon source if and only if the loss of each individual path router is smaller than 1/2 (under the assumption of small mean photon pair number). Losses in the routers do build up but are then overcompensated by the gain of the multiplexing.
In our hybrid experimental scheme, two different kinds of routers are needed, because we employ the polarization and the path degrees of freedom. In an m-SPDC arrangement utilizing polarization and path, there are only m 2 − 1 path routers (in our case, only one MZI because m = 4), and it is sufficient to have one polarization router (in our scheme, EOM3) at the end of the array. Therefore, every output photon has to travel through log 2 m 2 path routers (assuming log 2 m 2 is an integer number) and one polarization router. When we denote the transmission of each path router by T 0 and the transmission of the polarization router by T pol , the total transmission of the hybrid multiplexed system is T hybr = T T pol . The total gain therefore becomes
Demanding the total gain has to be larger than 1, leads to the condition
. In the case of a 4-SPDC multiplexed system with high-transmission polarization routing, T pol ≈ 1, and the requirement for the transmission of the path router is
B. The pulsed four-photon spontaneous parametric down conversion sources
We used ultraviolet (UV) femtosecond pulses of an upconverted mode-locked Ti:sapphire laser to pump a 2 mm type-II BBO crystal at a wavelength of 404 nm with a pump power of 1400 mW, a pulse duration of 180 fs, and a repetition rate of 80 MHz. The UV pump power was adjusted by varying the up-conversion efficiency via moving the upconversion crystal in or out of the focus of the lens for the fundamental pulse. The UV pulses successively passed through two BBO crystals to generate two polarization entangled photon pairs (photons 1 and 2, and photons 3 and 4) in spatial modes a and b, and c and d via type-II spontaneous parametric down-conversion respectively, as shown in Fig. 2(a) . After proper filtering, maximally polarization entangled states of the form
were generated. θ is the phase difference between horizontal and vertical polarization due to birefringence in the crystal, which could be corrected by placing a half wave plate (λ/2) oriented at 45
• and 1-mm compensation BBO crystals in each photon's path [23] . By tilting the compensation BBO crystals, we set the phases to be 0 for both sources, and hence we obtained the two polarization-entangled states described in the text.
To exactly define the spatial and spectral properties of the emitted four photons, we coupled each photon into singlemode fibers and filter them with 3 nm (full width at half maximum, FWHM) bandpass interference filters (IF) for photons 1 and 4, and 1 nm IFs for photons 2 and 3. In the HOM interference experiment, we used 3 nm IFs for both photons. The photons were detected by single-photon counting modules (SPCMs), and the coincidences were registered with a coincidence logic. At the pump power of 1000 mW, the average trigger rate is about 500 kHz and the mean photon pair number generated per pulse is approximately 0.062. Note that the coupling efficiency of the sources from BBO 1 is about 13%, and that from BBO 2 is about 7%. This difference eventually gives the difference in the correlation functions and the count rates of each source. For clarity, the 1-SPDC data shown in Fig. 4 were obtained by averaging the g 2 (0) functions and the counts of the four individual 1-SPDC sources. The 2-SPDC (4-SPDC) data were obtained by averaging the g 2 (0) functions and summing the counts of two (four) 1-SPDC sources.
C. The ultrafast photon router
We used a MZI to realize the ultrafast photon router. The performance of this router strongly depends on the phase stability of the MZI. To achieve that, we built the interferometer in an enclosed box made by acoustic isolation materials in order to stabilize the phase passively. Additionally, an active phase stabilization system has also been implemented. This was accomplished by using an auxiliary beam from a powerstabilized He-Ne laser counter-propagating through the whole MZI with a little transversal displacement from the signal beam, which picked up the phase fluctuation of the interferometer. After passing through the interferometer, the intensity fluctuation of the He-Ne laser beam was measured with a silicon photon detector and the signal was fed into an analog proportional-integral-derivative (PID) regulator. A ring piezotransducer attached to one of the mirrors in the MZI was controlled by this PID regulator and compensated the phase fluctuation actively. The insertion loss of this router and fiber delays was about 90%, which was mainly due to the singlemode fiber coupling, lossy narrow-band interference filters (in spatial modes b and c , 1 nm FWHM, about 70% peak transmission) and Fresnel loss on various optical elements. The most straight-forward step to improving the transmission of the router is to use high peak transmission and broadband interference filters. With a 95% peak transmission and 3-nm FWHM interference filter, we have measured the total transmission throughput of the router, including the delay fibers and correlation function measurement setup, to be more than 25%. Note that one can engineer the interactions between the pump and nonlinear crystals and match the group velocities of the pump and down-converted photons [46] [47] [48] . By employing this novel technique, one can generate pure single photons without using narrow-band filters, which potentially allows us to further enhance the transmission throughput to be more than 50%.
